Specific inhibitors of hepatitis C virus (HCV) replication that target the NS3/4A protease (e.g., VX-950) or the NS5B polymerase (e.g., R1479/R1626, PSI-6130/R7128, NM107/NM283, and HCV-796) have advanced into clinical development. Treatment of patients with VX-950 or HCV-796 rapidly selected for drug-resistant variants after a 14-day monotherapy treatment period. However, no viral resistance was identified after monotherapy with R1626 (prodrug of R1479) or NM283 (prodrug of NM107) after 14 days of monotherapy. Based upon the rapid selection of resistance to the protease and nonnucleoside inhibitors during clinical trials and the lack of selection of resistance to the nucleoside inhibitors, we used the replicon system to determine whether nucleoside inhibitors demonstrate a higher genetic barrier to resistance than protease and nonnucleoside inhibitors. Treatment of replicon cells with nucleoside inhibitors at 10 and 15 times the 50% effective concentration resulted in clearance of the replicon, while treatment with a nonnucleoside or protease inhibitor selected resistant colonies. In combination, the presence of a nucleoside inhibitor reduced the frequency of colonies resistant to the other classes of inhibitors. These results indicate that the HCV replicon presents a higher barrier to the selection of resistance to nucleoside inhibitors than to nonnucleoside or protease inhibitors. Furthermore, the combination of a nonnucleoside or protease inhibitor with a nucleoside polymerase inhibitor could have a clear clinical benefit through the delay of resistance emergence.
Hepatitis C virus (HCV) is a positive-strand RNA virus that is a member of the Hepacivirus genus within the Flaviridae family. There are an estimated 170 million individuals chronically infected with HCV worldwide, which amounts to almost 3% of the global population (1) . In the United States, an estimated 20,000 new HCV infections occurred in 2005, adding to the approximately 4 million individuals previously infected with HCV (2, 38) . Liver cirrhosis, as a result of HCV infection, is currently the leading reason justifying liver transplantation; however, reinfection occurs immediately posttransplantation and can result in graft loss (39) .
The current treatment of pegylated alpha interferon in combination with ribavirin results in a sustained viral response in approximately 50% of HCV patients infected with genotype (GT) 1 virus, the most prevalent GT worldwide. Therefore, a specific HCV antiviral therapy is highly desirable. Viral proteases and viral polymerases have been validated as clinically effective targets for a number of different viruses, including human immunodeficiency virus, hepatitis B virus, and herpesviruses (6, 7, 14, 15) . Two potential drug targets encoded by HCV are the NS3/4A serine protease and the NS5B RNA-dependent RNA polymerase (5) . Several anti-HCV compounds that inhibit the activity of either the NS3/4A protease or the NS5B RNA-dependent RNA polymerase have resulted in decreased viral loads when administered to HCV-infected patients (10, 29, 30, 32) .
VX-950 is a peptidomimetic inhibitor of the NS3/4A serine protease that is currently undergoing clinical evaluation. In a phase 1b study, the viral load in HCV infected patients dosed with 750 mg of VX-950 every 8 h was reduced by greater than 4 log 10 IU/ml (29) . However, a number of patients administered VX-950 showed a subsequent viral load rebound or plateau during the 14-day dosing period. Population sequencing of the viral NS3 region identified a number of mutations near the NS3 protease catalytic domain (31) . The changes at NS3 residues 36, 54, 155, and 156 were shown to confer a loss of sensitivity to the protease inhibitor VX-950 when tested using an enzyme or replicon assay (31) .
The NS5B enzyme activity can be inhibited by different classes of compounds, including nucleoside inhibitors, which can act as alternative substrates for the viral polymerase, and nonnucleoside inhibitors, which act as allosteric inhibitors of the polymerase. A number of compounds that inhibit the RNA-dependent RNA polymerase activity of NS5B have also entered into clinical development. HCV-796 is a nonnucleoside inhibitor that resulted in a decrease in viral load when administered to HCV-infected patients. Patients treated with HCV-796 for 14 days had a maximum viral load reduction of 1.4 log 10 on day 4, followed by a viral load rebound during the dosing period (4) . Sequencing of the patient isolates identified the NS5B amino acid substitution C316Y, previously identified using the HCV replicon system and known to confer reduced sensitivity to HCV-796 (36, 37; A. Howe et al., presented at the 13th International Meeting on Hepatitis C Virus and Related Viruses, Cairns, Australia, 27 to 31 August 2006). Three nucleoside inhibitors have progressed into clinical development: NM283 (prodrug of NM107), R1626 (prodrug of R1479), and R7128 (prodrug of PSI-6130). Treatment of HCV-infected patients with R1626 resulted in a mean viral load reduction of 3.7 log 10 at 4,500 mg twice a day (30) . Unlike the case for VX-950-and HCV-796 treated patients, there was no evidence for the emergence of viral resistance to R1626 (30) . However, mutations that confer reduced sensitivity to R1479 have been identified using the HCV replicon system (19) . NM-283 has also shown clinical efficacy (1.2 log drop in viral load at 800 mg once a day) (10) , and an NS5B resistance mutation, S282T, which confers resistance to NM107 (19) has been identified in vitro.
Within infected patients, HCV replicates at a high rate and exists as a population known as a quasispecies. When a selective pressure is applied to HCV (e.g., antiviral compounds or immunological response), minor variants within the population that are less susceptible to the pressure will have a replicative advantage. As a result, the dynamics of the genetically diverse population are altered, and those resistant variants will likely become the predominant species in the population. It is therefore important to understand how the inhibition of HCV replication, by various classes of compounds, may affect the selection of less sensitive variants. In addition, similar to the currently recommended human immunodeficiency virus therapy (12), the future therapy options for HCV-infected patients may include multiple specific anti-HCV inhibitors. In this study we characterized the selection of resistance, alone and in combination, to several clinically advanced anti-HCV compounds, including the protease inhibitor VX-950; the nonnucleoside inhibitor HCV-796; and the nucleoside inhibitors R1479, PSI-6130, and NM107.
MATERIALS AND METHODS
Plasmid construction. The selectable Con1 HCV subgenomic replicon used in this study is based on the adapted dicistronic HCV subgenomic replicon construct previously described (18) . The Con1 adapted transient replicon (rep PI-luc/ET) was obtained from R. Bartenschlager (24) .
All site-directed mutations were introduced into rep PI-luc/ET using the QuikChange site-directed mutagenesis kit according to the manufacturer's instructions (Stratagene) and confirmed on both strands by DNA sequencing using ABI technology.
Compounds. Compounds R1479 (4Ј-azido-cytidine), NM107 (2Ј-C-methylcytidine), and HCV-796 (benzofuran carboxamide) were synthesized at Roche, Palo Alto. VX-950 was synthesized by Acme Bioscience, Inc. PSI-6130 (␤-D-2Ј-deoxy-2Ј-fluoro-2Ј-C-methylcytidine) was synthesized by Pharmasset, Inc. Stocks of 10 mM were prepared in 100% dimethyl sulfoxide and stored at Ϫ20°C.
EC 50 determinations and replication capacity of transient replicons. The concentration of compound required to inhibit the expression of the HCV replicon reporter by 50% compared to untreated controls (50% effective concentration [EC 50 ])was determined as described previously using 2209-23 stably transfected replicon cells (19) , except that Huh7-Lunet cells were used for transient transfections. The Huh7-Lunet cells were kindly provided by V. Lohmann and have been described previously (17) . The replication capacity of the transient replicons was determined as previously described (20) .
In vitro combination studies. The combination studies were performed as previously described (19) . Briefly, HCV replicon 2209-23 cells were plated and inhibitors were added at different concentrations in threefold dilutions at a final dimethyl sulfoxide concentration of 1% (vol/vol) in a checkerboard fashion, including titrations of each of the compounds alone as reference controls The degree of interaction between the two compounds was determined using a seven-parameter nonlinear model based on the Loewe additivity theory (13) , which uses the concentration response surface approach as previously described (11) . Drug interaction is interpreted using the parameter ␣ as well as the percent synergy. The predicted additivity of the drugs combined is calculated by using all estimated parameters of the Greco model, except for ␣, which is fixed at 0. The deviance between the predicted response surface and the predicted additive surface is interpreted as percent synergy (positive percentages, if the response surface is above the additive surface) or percent antagonism (negative percentages, if the response surface is under the additive surface). Synergy is indicated when the parameter ␣ is positive with a 95% confidence interval not including 0, and the maximum percent synergy is greater than 10%. Antagonism is indicated when ␣ is negative with a 95% confidence interval not including 0, and the maximum percent antagonism is less than Ϫ10%. Loewe additivity or no interaction is indicated when the 95% confidence interval of ␣ includes 0.
Colony formation assay. For the analysis of resistance selection, Huh7 cells that stably maintain a GT 1b subgenomic replicon carrying the neoR gene, described previously (16) , were plated at 1 ϫ 10 5 cells/well in six-well plates in the presence of 0.5 mg/ml G418 and in the absence or presence of inhibitors. The cells were treated with either one or two compounds at 1, 10, or 15 times their respective EC 50 . The culture medium was changed twice per week, and cells were passaged at a 1:4 split when ϳ95% confluence was reached. After 3 weeks in culture, cells were either fixed with 1% (vol/vol) formaldehyde and stained with crystal violet or the total cellular RNA was extracted using the RNeasy minikit (Qiagen). The NS5B and NS3 coding sequences were determined through direct sequencing of PCR products.
RESULTS
Lack of resistant colonies after treatment with the NS5B nucleoside inhibitor NM107, R1479, or PSI-6130. A stable GT 1b replicon cell line was treated with the NS5B nucleoside inhibitors NM107, R1479, and PSI-6130 for 3 weeks at 1, 10, or 15 times their respective EC 50 (calculated using the stably transfected Con1 replicon cell line 2209-23 [ Table 1 ] and comparable to previously reported values [16, 19, 23, 36] ). The cells were selected with G418 in order to eliminate replicon cells susceptible to the inhibitor and to select for cells that contained replicon variants with reduced sensitivity to the inhibitor(s). After the 3-week selection period, the remaining cells were either stained with crystal violet or used for the extraction of total RNA in order to determine the sequence of the NS5B-coding region. As seen in Fig. 1A to C, incubation with 1 times the EC 50 of any of the nucleoside inhibitors did not reduce the replicon replication to levels sufficient to render the cells sensitive to G418 selection, as seen by the intact monolayers in Fig. 1 , whereas at higher concentrations of the inhibitor(s), the replicon was cleared.
Treatment with the NS3/4A protease inhibitor VX-950 or with the nonnucleoside NS5B polymerase inhibitor HCV-796 selects for resistant replicon colonies. Similarly, in a parallel study, the stable GT 1b replicon cell line was treated with either the NS3/4A protease inhibitor VX-950 or the non- a Inhibition of HCV replicon-encoded Renilla luciferase reporter activity after 3 days of incubation (n ϭ 101 for R1479, n ϭ 46 for PSI-6130, n ϭ 567 for NM107, n ϭ 18 for HCV-796, and n ϭ 4 for VX-950).
b CC 50 , 50% cytotoxic concentration. Cell viability was determined by either MTT or WST-1 assay with the same number of experiments as for the EC 50 determinations.
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nucleoside NS5B inhibitor HCV-796. Unlike with the nucleoside inhibitors, resistant colonies were selected after 3 weeks of incubation under drug selective pressure of 10 or 15 times the EC 50 with either VX-950 or HCV-796 ( Fig. 1D and E) . In the presence of 10 times the EC 50 of VX-950, Ͼ200 colonies were obtained, whereas at 15 times the EC 50 the number was 93 Ϯ 15 ( Table 2 ). In the presence of 10 times the EC 50 of HCV-796, 60 Ϯ 15 colonies were obtained, and 36 Ϯ 12 colonies were obtained with 15 times the EC 50 of HCV-796 (Table 2) . To determine whether the observed colonies were indeed resistant to the respective inhibitors, the total RNA was extracted and the sequence of the NS3-or NS5B-coding region was determined to identify any potential amino acid substitutions. Cells treated with any of the compounds at 1 times the EC 50 either had the wild-type sequence, compared to the untreated sample, or had amino acid substitutions not known to confer resistance. Some of the latter were also observed in the untreated control or were observed after selection with different inhibitors (data not shown), suggesting that they are likely either random changes or adaptive mutations to the tissue culture conditions. Under inhibitor pressure of either 10 or 15 times the EC 50 with VX-950 or HCV-796, replicons that contained known resistance mutations were selected (Table 3) . Replicons selected under HCV-796 pressure contained NS5B b Replicon cells were stained with crystal violet after undergoing selection for 3 weeks, and the number of colonies remaining were counted.
c Frequency determined as number of colonies/initial number of cells ϫ 100. b Direct sequencing from PCR products, representing the major population (in one-letter amino acid code). Only amino acid substitutions known to confer resistance are reported.
c The mutation C316Y is a known resistance mutation for HCV-796. d The mutation S365A is a known resistance mutation for HCV-796. e The mutations A156T and A156S are known resistance mutations for VX-950.
f The mutation T54A is a known resistance mutation for VX-950. g ND, not determined. . Similarly, replicons selected in the presence of VX-950 contained amino acid substitutions in the NS3-coding region, T54A and A156T/S, which are known to confer decreased sensitivity to VX-950 (22, 26, 35, 40) . Combination using a nucleoside polymerase inhibitor reduces the frequency of drug resistance selection. Replicon cells were treated with a nucleoside inhibitor (R1479 or PSI-6130) in combination with either VX-950 or HCV-796. Similar to the results shown in Fig. 1 , single treatment with VX-950 or HCV-796 alone selected for resistant colonies, while the replicon was cleared in cells treated with a nucleoside inhibitor ( Fig. 2A to  D) . The combination of 1 times the EC 50 of R1479 with either VX-950 or HCV-796 reduced the number of colonies by approximately two-to threefold (Table 2 ). Higher concentrations of R1479, in combination with VX-950 or HCV-796, cleared the replicon. The combination of 1X PSI-6130 with either VX-950 or HCV-796 reduced the number of resistant colonies by at least 10-fold (Table 2) , while higher concentrations of PSI-6130 cleared the replicon. Sequencing of the NS3-and NS5B-coding regions from replicon cells treated in combination identified known resistance mutations for HCV-796 and VX-950 but not for R1479 or PSI-6130 (Table 3) .
In vitro drug-drug interaction studies. As shown above, the results of the combination colony formation assay indicated that there is a reduced emergence of resistant colonies as a result of combining a nucleoside inhibitor with either a protease or a nonnucleoside inhibitor. To specifically measure the in vitro drug-drug interaction, in vitro combination studies were performed to determine the inhibitory activity of VX-950 or HCV-796 in combination with R1479 or PSI-6130. All four of the combinations were analyzed using the Loewe additivity 
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on October 15, 2017 by guest http://aac.asm.org/ theory as specified in Materials and Methods, and the combinations resulted in an additive response; i.e., the percent synergy was approximately 0 and the 95% confidence interval of ␣ included 0 (Fig. 3A to D) . Lack of cross-resistance supports drug combination. The reduced frequency of selection of drug-resistant replicon colonies during combination treatment suggests a lack of crossresistance among the evaluated inhibitors. To confirm this, a panel of transient GT 1b replicons carrying resistance mutations for each inhibitor was generated (22, 26, 35, 40 ; Howe et al., presented at the 13th International Meeting on Hepatitis C Virus and Related Viruses). For the protease inhibitor VX-950, the NS3 amino acid substitutions A156S/T/V were originally identified in vitro. A subsequent phase 1b clinical trial confirmed the relevance of these mutations and identified additional amino acid substitutions in NS3 at residues 36, 54, and 155 (31) . The introduction of the NS3 mutations (V36M, T54A, R155K, V36M-R155K, A156S, A156T, V36M-A156T, and A156V) into a transient replicon confirmed that these mutations resulted in decreased sensitivity (5-to Ͼ46-fold) to VX-950 (Fig. 4A) , as previously described (31) . The nucleoside inhibitors R1479 and PSI-6130 maintained potency against these VX-950-resistant transient replicons (Fig. 4A) .
The nonnucleoside inhibitor HCV-796 has been reported to bind to a site in the palm domain of the HCV polymerase (Howe et al., presented at the 13th International Meeting on Hepatitis C Virus and Related Viruses). In vitro replicon resistance studies identified substitutions at NS5B residues C316Y/F/S, S365T/A/L, and M414I, which are located near the inhibitor binding site and confer a loss of sensitivity to HCV-796 (Howe et al., presented at the 13th International Meeting on Hepatitis C Virus and Related Viruses). In addition, the amino acid substitution C316Y was observed in patients who experienced viral load rebound while on monotherapy with HCV-796 (36) . Transient GT 1b replicons engineered to contain HCV-796 resistance amino acid substitutions (C316Y, S365T, and M414I) displayed a 10-to 500-fold decrease in sensitivity to HCV-796 (Fig. 4B) . The HCV-796 resistance D) . After 72 h, the inhibitory activity of the compounds was determined by measuring the reduction in luciferase activity. The activity of the inhibitors in combination was determined from at least three experiments and is reported as percent synergy. mutations did not alter the potency of R1479 or PSI-6130 (Fig. 4B) .
Finally, the mutations that confer reduced sensitivity to NM107, R1479, or PSI-6130 were examined. NS5B amino acid substitutions S96T and S96T-N142T were previously reported to confer reduced sensitivity to R1479 (19) . Transient replicons containing those mutations had approximately a three-to fivefold-reduced sensitivity to R1479, while VX-950 and HCV-796 maintained their potency (Fig. 4C) . Similarly, amino acid substitution S282T in NS5B resulted in approximately 3-fold reduced sensitivity to PSI-6130 (33) or 30-fold reduced sensitivity to NM107 (19) , while VX-950 and HCV-796 maintained their potency (Fig. 4D) . These results indicate that during combination treatment, the potency of the compounds tested is not affected by the emergence of mutations conferring resistance to the other classes of HCV inhibitors.
Effect of resistance mutations on replication capacity. In addition to studying the impact of the NS3 and NS5B amino acid substitutions on compound potency, we also determined how the evaluated resistance mutations may affect the replicon replication capacity. The replication capacity for the wild-type GT 1b replicon was set at 1, and the relative replication capacities of the mutant replicons were compared against it. The replication capacity of the VX-950-resistant mutants ranged from 20% relative to wild type (A156V) to levels 70% higher than wild type (A156S) (Fig. 5) . For the HCV-796-resistant mutants, the most common substitution observed in clinical trials was C316Y, which has an in vitro replication capacity of 70% compared to wild type and similar to that of M414I. However, the replication capacity of the S365T mutant replicon was only 10% compared to the wild type (Fig. 5) . The mutations in NS5B that confer reduced sensitivity to R1479 or PSI-6130 have replication capacities of 4% for S96T, 5% for S96T-N142T, and 15% for S282T compared to the wild-type replicon (Fig. 5) , similar to previously reported values (19, 28) .
DISCUSSION
The current standard of care provides good clinical efficacy in patients infected with HCV GTs 2 and 3 but is less efficacious in patients infected with the most prevalent GT 1, thereby emphasizing the urgent need for more effective HCVspecific antiviral therapies (9, 27) . This has triggered considerable drug discovery efforts that have resulted in the evaluation of a number of HCV inhibitors, both NS3/4A protease and NS5B polymerase inhibitors, in clinical trials. However, the The EC 50 determinations were obtained from at least three independent experiments: Con1, n ϭ 6 for R1479, n ϭ 8 for VX-950, n ϭ 5 for PSI-6130, and n ϭ 6 for HCV-796; V36M, n ϭ 5 for R1479, n ϭ 6 for VX-950, and n ϭ 4 for PSI-6130; T54A, n ϭ 4 for R1479 and VX-950 and n ϭ 3 for PSI-6130; R155K, n ϭ 3 for R1479 and PSI-6130 and n ϭ 4 for VX-950; V36MϩR155K, n ϭ 5 for R1479 and n ϭ 3 for VX-950 and PSI-6130; A156S, n ϭ 5 for R1479 and PSI-6130 and n ϭ 6 for VX-950; A156T, n ϭ 4 for R1479 and n ϭ 3 for VX-950 and PSI-6130; V36MϩA156T, n ϭ 3 for R1479, VX-950, and PSI-6130; A156V, n ϭ 6 for R1479, n ϭ 4 for VX-950, and n ϭ 3 for PSI-6130; S96T, n ϭ 6 for R1479, n ϭ 8 for VX-950, and n ϭ 4 for HCV-796; S96TϩN142T, n ϭ 6 for R1479, n ϭ 7 for VX-950, and n ϭ 4 for HCV-796; C316Y, n ϭ 4 for R1479, n ϭ 5 for PSI-6130, and n ϭ 6 for HCV-796; S365T, n ϭ 3 for R1479 and PSI-6130 and n ϭ 5 for HCV-796; M414I, n ϭ 4 for R1479 and n ϭ 3 for PSI-6130 and HCV-796; and S282T, n ϭ 6 for VX-950, n ϭ 4 for PSI-6130, and HCV-796. The fold change of the inhibitor was determined as the EC 50 of the inhibitor against the mutant replicon compared to the wild-type replicon and is presented as mean Ϯ standard error of the mean.
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selection of variants that are resistant to HCV inhibitors is likely to occur due to the high genetic heterogeneity of HCV, the error-prone nature of its RNA-dependent RNA polymerase, and the high virus production and turnover, resulting in every possible mutant likely present in a patient's quasispecies. After monotherapy treatment of HCV-infected patients with either the NS3/4A protease inhibitor VX-950 (31) or the nonnucleoside polymerase inhibitor HCV-796 (36, 37) , HCV variants resistant to either inhibitor were selected. No viral resistance has been observed, however, after treatment with the nucleoside inhibitor R1626 (30) . This suggests a potential difference in the selection of resistance to nucleoside inhibitors compared to nonnucleoside and protease inhibitors. In this study we investigated the ease with which selection of resistance to different classes of HCV inhibitors occurs, using the HCV replicon system. The emergence of variants with reduced sensitivity to antiviral compounds depends on several factors, including the prevalence of the variant within the quasispecies, its replication capacity, the level of resistance that it confers to the virus, and the number of mutations needed to introduce the required coding change(s). The primary amino acid substitutions that confer reduced sensitivity to each compound tested in this study (NS3 A156T for VX-950, NS5B C316Y or S365T for HCV-796, NS5B S282T for NM107 and PSI-6130, and NS5B S96T or S96T/N142T for R1479) require only a single nucleotide change. As a consequence, the frequency of generation of each of these mutants during a single viral replication cycle should be equivalent, but the viability of the resulting variants may differ. However, the data presented here demonstrate that the mutations that confer reduced sensitivity to VX-950 and to HCV-796 were observed after 3 weeks of selection, whereas no resistance mutations were observed in the case of the nucleoside inhibitors. This may be explained by a number of factors, such as the magnitude of the decrease of drug sensitivity in relation to the replication capacity of the drug-resistant mutant replicon. The NS5B mutations that confer reduced sensitivity to R1479 or PSI-6130 result in only a three-to fivefold loss in sensitivity to the inhibitors but also result in a greater than 85% reduction in replication capacity. This may explain the lack of emergence of nucleoside inhibitor-resistant variants over the wild-type replicon. In order for a resistance mutation to emerge from a population upon the introduction of a selection pressure, the mutation must confer reduced sensitivity to the selection agent with minimal compromise of the viral replication capacity. One example shown in this study is the selection of the HCV-796 resistance NS5B amino acid substitution C316Y instead of S365T. As indicated in Fig. 4 , the C316Y mutation confers approximately 100-fold-reduced sensitivity to HCV-796, while S365T confers Ͼ500-fold-reduced sensitivity. However, the S365T mutation has a 10-fold-lower replication capacity than C316Y. The S365T mutant may not have a replicative advantage over C316Y in the presence of HCV-796 and thus was not selected during the 3-week assay. The S365A amino acid substitution was identified during a selection experiment with HCV-796 in this study. However, the S365A substitution has been reported to replicate at an approximately 10-fold-higher level than S365T (Howe et al., presented at the 13th International Meeting on Hepatitis C Virus and Related Viruses), which may provide further evidence that the replication capacity of S365T was not sufficient to provide a replicative advantage. It is also worth noting that the replication capacity determined for a particular mutation may vary depending on the experimental assay conditions. For example, we measured the replication capacity for the VX-950 resistant mutant A156T using a transient GT 1b replicon over a 96-h period. We determined that the replication capacity of the A156T mutant was approximately twofold lower than that of the wild type, while other groups using different assay systems (i.e., different replicon/adaptive mutations or a stable replicon assay) have reported a lower replication capacity for the A156T mutant (21, 26, 34, 40) . Another important factor that can affect how quickly resistant variants emerge in patients upon exposure to a selection pressure is the prevalence of preexisting resistance mutations within the quasispecies. Mutations in NS3 that confer reduced sensitivity to VX-950 have been detected within the quasispecies of an HCV-infected patient who had not been treated with VX-950 (3, 8) . Similarly, mutations in NS5B that confer reduced sensitivity to a number of different nonnucleoside inhibitors, including the HCV-796 resistance mutation C316Y, have also been identified within the quasispecies of HCV-infected patients (25; S. Le Pogam et al., submitted for publication). In contrast, the NS5B amino acid substitutions S282T and S96T, which confer reduced sensitivity to the nucleoside inhibitors NM107/PSI-6130 and R1479, respectively, have not been identified within the quasispecies of HCV-infected patients. These studies, with the exception of that of Lu et al. (25) , could only detect variants whose frequency was approximately 1% of the total population. Future studies that utilize more sensitive assays and a larger number of clinical samples will need to be performed in order to truly understand the prevalence of preexisting resistance mutations in the HCV genetic population.
In summary, we have examined the development of resistance to three classes of anti-HCV compounds. We found that resistance mutations were selected when replicon cells were FIG. 5 . Replication capacity of replicons containing NS3 or NS5B mutations. Huh7-Lunet cells were transfected with either a wild-type GT 1b replicon or one engineered to contain mutations resulting in reduced sensitivity to VX-950, HCV-796, R1479, or PSI-6130. The replication capacity of the mutants was determined from at least four independent experiments (n ϭ 8 for Con1 and S282T; n ϭ 6 for T54A, R155K, A156S, and V36MϩR155K; n ϭ 5 for V36MϩA156T, V201A, C316Y, S365T; and n ϭ 4 for S156T, A156V, V36M, S96T, N142T, S96TϩN142T, C316Y, and M414I) and is expressed as their normalized replication efficiency (mean Ϯ standard error of the mean) compared to that of the wild-type, which was set at 1. treated for 3 weeks with either a protease inhibitor or a nonnucleoside inhibitor, but not with a nucleoside inhibitor. Our results highlight the potentially important role of nucleoside inhibitors in any future HCV therapies. R1479 and PSI-6130 remain potent against both VX-950-and HCV-796-resistant mutants. In addition, selection of replicon cells with R1479 or PSI-6130 in combination with a protease inhibitor or nonnucleoside inhibitor reduced the emergence of resistant colonies suggesting a clear benefit of combination treatment. The NS5B mutations that confer reduced sensitivity to R1479 or PSI-6130 result in a small loss in antiviral activity but also result in a large reduction in the replication capacity. The VX-950-and HCV-796-resistant mutants confer a larger loss in compound activity, as much as 500-fold, and generally have higher replication capacities than the nucleoside inhibitor mutants. These data indicate that the HCV replicon presents a higher genetic barrier to resistance for nucleoside inhibitors than for either protease inhibitors or nonnucleoside inhibitors.
